Localized linear modes due to bandgap guidance in two-dimensional photonic lattices with a repulsive defect are investigated theoretically. It is shown that the negative defect can not only guide fundamental modes, but also dipole modes and vortex modes.
Abstract: Localized linear modes due to bandgap guidance in two-dimensional photonic lattices with a repulsive defect are investigated theoretically. It is shown that the negative defect can not only guide fundamental modes, but also dipole modes and vortex modes. Study of light propagation in periodic media such as photonic crystals and optically induced photonic lattices is of great value to both fundamental physics and applications. It is well known that the unique feature of such periodic systems is the existence of bandgap structure in its spectrum, and it has been demonstrated in photonic crystals, for example, the 'air-hole' photonic crystal fiber, that by introducing a local defect into the uniformly periodic medium, localized linear waves can be guided in lower index region due to the bandgap guidance. Defect modes in onedimensional (1D) waveguide arrays and optically induced photonic lattices have been investigated both in theory [1] and in experiment [2] . In 2D, some preliminary results on defect modes have also been reported [3] , but our understanding on it is still far from satisfactory. Here, we comprehensively investigate defect modes in 2D photonic lattices with repulsive defects.
We begin our study by considering one ordinarily polarized lattice beam with a single-site negative defect and one extraordinarily polarized probe beam with very low intensity launched into a photorefractive crystal simultaneously. The two beams are mutually incoherent, and the defected lattice beam is assumed to be uniform along the propagation direction (such defected lattices have been created in our earlier experiments [3] ). In this situation, the dimensionless governing equation for the probe beam is: Fig. 1(a) . We can see that the light intensity at the defect site is much lower than that at the surrounding sites, so light can not be guided in the defect by total internal reflection.
Localized defect modes in Equation (1) , where m is the propagation. The resulting equation for ( , ) u x y is a 2D linear eigenvalue problem, which is solved numerically by the power-conserving squared-operator method [4] . For the case of 1 e = -, defect modes are not found in the first five gaps (even though they can exist in higher gaps). Thus we take 0.9 e =instead, which still closely resembles the defects in our previous experiments [3] . For this defect, different types of defect modes are found at various 0 E . The results are shown in Fig. 1. (b) . Some examples of defect modes marked by circles in Fig. 1. (b) are displayed in Fig. 2. a-d . As can be seen that at small values of 0 E , a branch of symmetric fundamental defect modes emerges from the right edge of the second band where 0 8.5 E » . When 0 E is increased above a certain threshold value, this branch disappears at the left edge of the third band where 0 15 E » . If we increase the potential 0 E continuously to another critical value, this branch of defect modes appears again in the third gap from the right edge of the third band where the corresponding value 0 23.4 E » . In the same way, this branch disappears at the left edge ( 0 36.7 E » ) of the fourth band and appears again in the next higher gap and so on. It appears that this branch is a continuous one cut into several pieces by the Bloch bands.
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In the fourth gap, below the fundamental branch, another branch of antisymmetric defect modes appears. As can be seen in Fig.2 d, it is a dipole-mode branch. This new branch of dipole modes exists in the fourth gap when 0 31.6 40.8 E < < . From the above analysis, it can be inferred that this dipole-mode branch will extend to higher gaps.
In the case of dipole defect modes, two independent modes ( , ) u x y and ( , ) u y x coexist at the same propagation constants due to x and y symmetry of the lattice. Defect modes with nontrivial phase structures can be derived by superimposing such two modes linearly. For example, superimposing the dipole modes ( , ) u x y and ( , ) u y x of Fig.   2d with / 2 p phase delay, i.e. in the form of ( , ) ( , ) u x y iu y x + , we can get vortex-type defect modes. Fig. 2 . e, f display the intensity and phase patterns of such a vortex mode. These vortex modes are reminiscent of the vortexarrays with long tails, which were observed in defected lattices recently [3] . But the present modes are much more localized. In fact, they are almost entirely trapped inside the defect. These vortex modes are quite different from the gap vortex solitons observed in [5] , where the vortex beam itself creates a positive defect with focusing nonlinearity.
Here what we presented is that the vortex evolves into the linear photonic defect mode in a negative defect. Further experimental investigation of such defect modes is currently underway
In summary, we have investigated two-dimensional defect modes in photonic lattices with repulsive defects, and found various types of defect modes such as fundamental modes, dipole and vortex modes. These studies pave the way for the experimental observation of such modes in a negative defect.
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